In the search for light and flexible nanoferronics, significant research effort is geared toward discovering the coexisting magnetic and electric orders in crystalline charge-transfer complexes. We report the first example of multiferroicity in centimeter-sized crystalline polymeric charge-transfer superstructures that grow at the liquidair interface and are controlled by the regioregularity of the polymeric chain. The charge order-driven ferroic mechanism reveals spontaneous and hysteretic polarization and magnetization at the donor-acceptor interface. The charge transfer and ordering in the ferroic assemblies depend critically on the self-organizing and molecular packing of electron donors and acceptors. The invention described here not only represents a new coupling mechanism of magnetic and electric ordering but also creates a new class of emerging all-organic nanoferronics.
INTRODUCTION
Electron transfer and the generation of a new set of S = 1 / 2 spins with exchange interaction in charge-transfer (CT) complexes (D 0 A 0 ↔D d+ A d− ) enable a unique coupling between electric and magnetic order parameters, which is important to unlock numerous exciting technological advances in the field of flexible magnetoelectrics (ME) (1) (2) (3) . Over the past decades, numerous functional crystalline CT complexes with customized chemical functionality have been developed on the basis of the combination of their unique physical properties and structural stacking factors (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . The physical properties of crystalline CT complexes appear to be associated with the stacking arrangement (mixed-and segregated-stack) and CT degree (mixed-valence and neutral-ionic systems) between the electron donor (D) and acceptor (A) (14) . For instance, the discovery of one-dimensional metallic conductivity in segregated-stack tetrathiafulvalene-tetracyanoquinodimethane (D-A) complexes has led to the development of organic metals and superconductors in the absence of a metal atom (15) (16) (17) (18) , whereas hydrogen-bonded mixed-stack tetrathiafulvalene-pyromellitic diimide (D-A) CT complexes started the field of room temperature ferroelectric switching originating from intermolecular interactions (19) . However, obtaining simultaneous ferroic orders and room temperature ME coupling properties in CT complexes remains challenging and represents an important topic in material chemistry and condensed matter science (20, 21) , especially for the segregated stacks, in part because of their relatively weak intermolecular interactions. In addition, the lack of scalable growth techniques for large-sized high-quality organic CT crystals represents another challenge for the development of organic multiferroics, particularly the thiophene donor and C 60 acceptor combinations (22) . Previous studies have mainly focused on small-scale assembled nanostructures and have been concerned with structure disruption during solvent annealing, which is generally necessary to obtain long-range ordered phases (2, 22) . Organic multiferroic CT crystals should have a long-range ordered structure, which facilitates the formation of a closely stacked structure and strong interfacial interaction for CT. The growth of large-sized CT crystals is dictated by the control of homogeneous nucleation to avoid the formation of dense nuclei and by the management of growth conditions to facilitate weak intermolecular interactions for the ordered combination of different organic molecules ( fig. S1 ). Here, we show that the very rich CT and ordering of interfaces enable observation of room temperature multiferroic properties in segregated-stack CT complexes. The CT complexes selected for our study are the conjugated polythiophene donor and fullerene (C 60 ) acceptor, which are coassembled for the formation of segregated-stack superstructures. Within this cocrystalline structure, several weak intermolecular interactions are present, such as CT electrostatic interactions, van der Waals forces, and p-p stacking, where the interplay between these interactions enables charge order-induced spontaneous dipolar and spin ordering (19, (23) (24) (25) .
RESULTS
A modified antisolvent crystallization method combined with solvent vapor evaporation has been developed to enable not only the growth of the largest polythiophene-C 60 CT superstructures to date but also high-quality crystalline perfection. We select 1,2-dichlorobenzene (1,2-DCB) as the good solvent and acetonitrile as the antisolvent for the CT complex; these miscible organic solvents have different solubilities for polythiophene and C 60 . A schematic representation of this modified antisolvent crystallization process is shown in Fig. 1A and fig. S2 . Nucleation starts with the addition of the antisolvent because of the local supersaturation at the interface between the good solvent and the antisolvent. Saturated solvent vapor offers an atmosphere for the control of the homogeneous nucleation of crystals. We attribute the growth of the centimeter-sized CT crystals to the following factors: the wetting surface of the substrate, the high concentration of polythiophene and C 60 in 1,2-DCB, and the control of the formation of starting nuclear materials at the interface between the good solvent and the antisolvent, as well as mass transport and the control of solvent vapor pressure, which all appear crucial for the growth and alignment of high-quality charge-transfer cocrystal (CTCC) superstructures (Fig. 1B and fig. S3A ) (26, 27) . Large-sized crystals can only form under these controlled conditions ( fig. S1 ). The phase purity of the as-grown CTCCs is confirmed by x-ray diffraction (XRD; Fig. 1C ), where the polythiophene donor is crystallized with a monoclinic structure showing a lattice constant a = 1.717 nm, b = 0.77 nm, and c = 0.836 nm (28) , whereas the C 60 acceptor has a face-centered cubic (fcc) structure with a lattice constant of 1.415 nm (29) . The selected-area electron diffraction (SAED) pattern from transmission electron microscopy (TEM) confirms the coexistence of monoclinic polythiophene and fcc-C 60 structures ( Fig. 1D ) with two sets of diffractions, consisting of (001)-monoclinic polythiophene crystal and (111)-fcc-C 60 crystal, respectively. Within the segregated-stack CTCC superstructures, complicated intermolecular interactions, including p-p stacking, CT, and van der Waals forces, contribute to the stacking and ordering of the polythiophene donor and C 60 acceptor along the p-p stacking axis of polythiophene (Fig. 1, E and F) (27, 30) . Polythiophene chains self-organize through p-p conjugated interactions along the b axis (25, 27) and are stacked in planar structures, with the long-chain axis (c axis) nearly perpendicular to the substrate (Fig. 1F) .
Focusing on the segregated stacking of CTCC superstructures, we have investigated the structural and chemical aspects of the as-grown cocrystals. Figure 2A shows a typical side-view scanning electron microscopy (SEM) image of the CTCCs, where the inset is the carbon and sulfur chemical analysis and mapping by energy-dispersive x-ray spectroscopy. The sulfur content is higher in the center of the CTCCs than in the edge, confirming the phase segregation between the polythiophene donor and the C 60 acceptor (also shown in the dark-field optical microscopy image; fig. S3 , B and C). The TEM and highresolution TEM images of the CTCCs (shown in Fig. 2B and fig. S4 , A to D) confirm the phase intermixing and the segregated stacking of cocrystals with an average domain size of~20 nm. The polythiophene fibers are crystallized with C 60 -rich domains. The three-dimensional atomic force microscopy (AFM) image ( fig. S4 , E and F, taken near the center of the CTCCs) reveals a surface separation of the CTCCs due to phase segregation between the polythiophene donor and C 60 acceptor. The current and topography images obtained by c-AFM confirm the segregation contrast between the donor and the C 60 -rich acceptor phases. To explore the interfacial effects on the charge transport of segregated-stack CTCC superstructures, we used classical molecular dynamics (MD) and density functional theory to investigate the interfacial ordering between the polythiophene and C 60 phases and its effects on the electrical properties of the polymer (the simulation methods are described in detail in the Supplementary Materials). Furthermore, the extensive modeling uniquely provides an understanding of efficient transport properties even with a large area of interfaces and strong interactions between the donor and the acceptor within a large (centimeter-sized) CTCC crystal. Because the {111} diffraction direction of fcc-C 60 crystal is aligned with the polymer chain, we considered two interfacial configurations. Each configuration contains four layers of polythiophene and six layers of C 60 in the x direction, wherein the polythiophene molecules were represented by polymer chains containing 18 thiophene rings. The size of the supercell in the y direction is determined by the matching of periodicity between the polythiophene and the C 60 crystal phases. The first configuration consists of 24 polythiophene molecules and 216 C 60 molecules (Fig. 2 , D and E), whereas the second configuration consists of 56 polythiophene molecules and 288 C 60 molecules (Fig. 2, F and G). The crystal structures of both the polythiophene and C 60 phases are nearly unaffected by the interface because of the strong interaction between the molecules in each phase. Polythiophene and C 60 attract each other, but the steric effect between the side chain of polythiophene and C 60 prevents direct contact between the polythiophene ring and C 60 . Such a scenario is not affected by the size of the system or the interfacial orientation with different surface roughness. Moreover, the final interface configuration is not sensitive to the initial condition of the polythiophene surface ( fig.  S5 ). Because of structural robustness, neither energy-level fluctuation nor wavefunction distribution correlate to the distance between the polythiophene molecule and the polythiophene/C 60 interface, indicating that the energy-level fluctuation originates from the polythiophene crystal itself (the intrinsic fluctuation or artificial boundary effect) rather from the polythiophene/C 60 interface (Fig. 2, H and I, fig. S6 , and table S1). In general, the transport properties of the CT complexes ( fig. S1A ) are dominated by the hopping mechanism (22) ; by contrast, the transport properties of the large-sized CTCCs are dominated by defects in the crystal. Such desirable electrical properties would not be achieved without the three-dimensional large-sized crystal structure of CT complexes (22, 31) .
The study of crucial physical properties requires the growth of high-quality large-sized CTCC superstructures, and this variability is largely influenced by the molecular packing of polythiophene donor phase dictated by its regioregularity (RR). The electrical and optical properties of the pristine polythiophene phase are improved by the degree of RR, which is defined as the percentage of head-to-tail monomers rather than head-to-head configuration (Fig. 3A) (32, 33) . Polythiophene with an RR of 91% [low RR (LRR)] and 96.3% [high RR (HRR)] is applied here to demonstrate the influence of the self-organization of polythiophene molecules on the packing of the CTCC superstructures. A higher RR of polythiophene enables closer packing and ordering into planar lamellae structures with an increased interchain character, which leads to a larger high-quality and crystalline CTCC superstructure (33) . The confocal fluorescence microscopy images stress again the importance of interplane packing density in the growth of CTCC superstructures (Fig. 3B) . To further illustrate the relationship between the RR of polythiophene and the nanostructure of CTCCs, we examined the time-dependent crystal growth of the HRR and LRR cocrystals and found that the dimension in both the length and width direction and the density of the HRR cocrystals are larger than those of the LRR cocrystals (Fig. 3 , C and D, and figs. S7 and S8). The increased interchain interactions of HRR-induced CTCCs lead to a higher absorption, whereas the increased emission intensity suggests that less nonradiative quenching pathways exist in the more ordered CTCCs (Fig. 3E) . It should be noted that the absorption spectra obtained by laser spectroscopy clearly present different absorption bands from those of pristine thin films of polythiophene/C 60 ( fig. S9) (34) , confirming the existence of groundstate CT in CTCC superstructures. Moreover, the importance of RR in chain packing and ordering also influences the device performance of CTCC superstructures (figs. S10 and S11).
Large-scale free-standing superstructures provide advantageous access to measure anisotropic behaviors because of the long-range ordered structures along different packing orientations, which do not exist in conventionally processed CT complexes (2, 22) . These CTCCs have their long axis aligned with the crystallographic b axis as demonstrated by the measurement of their highly anisotropic electrical properties. For the in-plane and out-of-plane measurements, the electric field is oriented parallel (b axis) and perpendicular (c axis) to the cocrystal long axis, respectively. The inset of Fig. 4A shows the photograph of a CTCC cocrystal between two electrodes. To avoid dielectric breakdown of the CTCC superstructures, the electric field in the parallel direction is always smaller than that in the perpendicular direction in the following measurements. The ohmic region of the current-voltage curve (Fig. 4A ) is used to examine the resistivity (r) along the parallel and perpendicular directions, determined as 6.7 × 10 6 and 2.66 × 10 8 W·m, respectively. The calculated conductivity is close to the experimental value ( fig. S12A ). The measured parallel direction is along the p-p stacking direction of the polythiophene chain, exhibiting a larger charge carrier density and mobility. Temperature-dependent electric permittivity, conductivity, and loss tangent at various frequencies ( Fig. 4B and fig. S12 , A and D) display pronounced transition peak above room temperature, indicating the potential ferroelectric phase transition in the CTCCs (20) . There are two peaks around 312 and 322 K for the temperature-dependent electric permittivity at low frequency, indicating the phase separation of polythiophene and C 60 in the segregated-stack CTCCs. These two peaks can also be found in the temperature-dependent conductivity and loss tangent ( fig. S12, A  and D) . The suppressed amplitude with increased frequency (Fig.  4A and fig. S12C ) is attributed to the dielectric relaxation, whereas there is a small shift of the transition temperature to 328 K at high frequency, implying the possible existence of dielectric clusters in the CTCC. We evaluate the magnetoconductance ( where e is the charge, e 0 is the permittivity of vacuum, e r is the relative permittivity of the CTCC cocrystals, k B is the Boltzmann's constant, and T is temperature (35, 36) . The small relative permittivity for our cocrystal results in the large Coulomb capture radius. Figure 4C demonstrates that the MC in the parallel direction is larger than that in the perpendicular direction, which is attributed to magnetic fieldreduced spin mixing, leading to the increase of triplet CT through intersystem crossing (37, 38) . The scattering reaction between triplet CT states and charge carriers decreases the mobility of charge carriers, resulting in a decrease in the current density under a magnetic field for the negative MC ( fig. S13) . A large density of charge carriers will be beneficial for the formation of CT states, which contribute to a larger MC effect (39, 40) . Therefore, we carried out photoexcitation-dependent MC measurement of CTCCs under the dark and illuminated states (white light of 70 mW/cm 2 ), as shown in Fig. 4D and figs. S14 and S15. Under photoexcitation, a pronounced light intensity-dependent MC effect is observed as more CT states are tuned by an external magnetic field (fig. S16) .
The CT and ordering of hierarchical CTCC superstructures could enable different ferroic order parameters at different scales in which the multifunctionalities emerge. In the CTCC superstructures, electron transfer in a crystalline segregated stack can create a dipole moment where the switching of polarization under an applied electric field occurs (Fig. 5A) . The insets of Fig. 5A provide the positive-up negative-down (PUND) measurements along the parallel and perpendicular directions of the cocrystals, which exhibit remanent polarization after removing the electric field, confirming the ferroelectric properties of CTCC superstructures. The charge ordering along the stacking axis (b axis, or in-plane direction) allows a larger polarization than that of the packing along the perpendicular orientation. We have analyzed the ferroelectricity properties of CTCC superstructures using piezoresponse force microscopy (PFM). Figure 5B presents the local hysteresis loops of the piezoelectric response versus tip bias. To ramp the loops, we applied a dc bias voltage through a conductive tip to the CTCC surface from −2 to 2 V at a frequency of 0.3 Hz. The local hysteresis loops for ferroelectric polarization switching confirm the ferroelectric properties of the CTCC superstructures (Fig. 5B and fig. S17 ). Because the lifetime of singlet excitons is much shorter than that of triplet excitons (microseconds or longer) (31), photoexcitation-induced CT states in the CTCC superstructures lead to an increase in triplet excitons (dipoles) or polarization (Fig. 5C) .
Anisotropic magnetization of CTCC superstructures was characterized through the angle-dependent magnetic hysteresis (M-H) loops (Fig. 6, A and B, and fig. S19 ), where the saturation magnetization (M s ) displays angle-dependent behavior between the in-plane (easy-axis) and out-of-plane (hard-axis) directions (DM s ). Elemental analysis confirms that the magnetic impurities present are well below the detection limits of atomic absorption spectroscopy, which rules out the possibility of impurity-induced magnetization. Large-scale free-standing crystals enable mass collection for the powder-based magnetization measurement, which is not feasible in small-scale assembly (2, 22) , as shown in fig. S20 . The charge-lattice and electron-phonon coupling in the crystalline polythiophene chain renders the CTCC superstructures magnetic. A narrow spin cone that resulted from the strong charge-lattice coupling promotes the spin alignment along the easy axis because of the charge ordering along the stacking axis (Fig. 6C) (41) . This spin orientationdependent behavior leads to magnetization anisotropy between the easy-axis (in-plane) and hard-axis (out-of-plane) directions. To further confirm this orientation-dependent anisotropic behavior, we further investigate the magnetic and spin susceptibility angular dependence (Fig. 6B) . By tuning the angle of the magnetic field (when magnetic field is parallel to the easy axis, the angle q is set at 0°, 180°, or 360°as shown in Fig. 6B ), the calculated and experimental susceptibility both exhibit an angle-dependent behavior between the easy-axis and hard-axis directions, confirming the angular-dependent spin cone orientation effect. Moreover, the ordered p-p stacking is beneficial for the chargelattice coupling with the generation of charge ordering, resulting in the emergence of simultaneous polarization and magnetism, leading to potential ME coupling. Indeed, the angle-dependent polarization follows the magnetic orientation trend, indicating that the charge ordering at the interfaces allows the coupling between magnetic and electric orders in CTCC superstructures.
To confirm the ferroic coupling effect, we examined the ME coupling in CTCC superstructures through electric field-controlled magnetization under a bias magnetic field of 60 Oe (Fig. 7A) . The ME coupling coefficient (a) along the parallel direction shows an optimum value of 7.2 × 10 −3 Oe·cm/V, compared to 0.16 × 10 −3 Oe·cm/V in the perpendicular direction. The CT and ordering at interfaces lead to polarization and magnetism of CTCC superstructures (3, 42) , as well as their ME coupling effect. Therefore, photoexcitation-induced CT and ordering further enhance the ME coupling in CTCC superstructures, with an optimum ME coefficient of 2.33 × 10 −2 Oe·cm/V (Fig. 7B and figs. S21 and S22). Because CT and ordering occur along the stacking axis, the ME coupling effect along the parallel direction has a higher magnitude than that in the perpendicular orientation. Room temperature ferroic orders and ME coupling of CTCC superstructures provide a platform for the development of all-organic multiferroics.
DISCUSSION
In conclusion, we have developed for the first time an antisolvent crystallization approach combined with solvent vapor evaporation to organize electron donor polythiophene and C 60 acceptor intocentimetersized segregated-stack CT superstructures for their anisotropic measurement using free-standing crystals. The CT and ordering at interfaces enable the occurrence of simultaneous room temperature anisotropic ferroic orders and their coupling along the stacking axis of the crystalline CT superstructures. The giant anisotropic behavior largely resulted from packing structure along different crystal growth directions, which leads to unique optical properties and extraordinary anisotropic electrical and ME coupling behaviors. Specifically, along the ordered p-p stacking direction of the crystal long axis, the performances are higher than those in other directions. Theoretical simulation uncovers a structural and interfacial mechanism on the crystal structure, energy-level fluctuation, and wavefunction distribution of CT superstructures. Large-scale free-standing CT crystals will constitute a new direction Fig. 7 . ME coupling of HRR CTCCs. (A) ME coupling effect (electric field-dependent magnetization) with a bias magnetic field of 60 Oe. (B) Light intensity-dependent ME coupling of CTCCs.
for solution-processable all-organic ferroic devices. In this respect, this work defines a research avenue for alternative materials to those studied extensively in recent years, such as inorganic multiferroic oxides and organic spintronics, and opens a search for suitable carbon-based CT materials with yet untapped potential for efficient ferroic devices. The principle of using crystalline CT compounds offers broad design flexibility, which leads to great potential for the development of roomtemperature organic ME multiferroics.
MATERIALS AND METHODS
Synthesis of polythiophene-C 60 solution by an antisolvent crystallization method Polythiophene (20 mg/ml) [RR of 96.3% (HRR) and 91% (LRR)] was resolved in 1,2-DCB solvent at 60°C for 2 hours. C 60 was added into the solution at a weight ratio of 1:1 (polythiophene/C 60 ) and stirred at room temperature for 10 hours. Then, 10 volume % of acetonitrile antisolvent was added into the solution to facilitate the precipitation of seeds under ambient conditions and sonicated for 5 min at room temperature. The solution was aged for 2 days and stored in a glove box before use. HRR polythiophene was purchased from Ossila Ltd. (M104, RR = 96.3%, M w = 77,500, M n = 38,700). LRR polythiophene was purchased from BASF in cooperation with Rieke Metals (Sepiolid P200, RR = 91%, M w average = 50 to 70 K). C 60 (purity, 99.5%) was purchased from Sigma-Aldrich.
Growth of charge-transfer polythiophene-C 60 cocrystals (CTCCs) by solvent vapor evaporation SiO 2 /Si substrate was successively sonicated in soap solution, distilled water, acetone, and isopropanol and dried by N 2 . The surface was then treated with ultraviolet/ozone for 30 min. After cleaning, poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) was coated on its surface by spin coating at 3600 rpm for 1 min and dried at 150°C for 30 min. The PEDOT:PSS film was used to increase the adhesion and decrease the surface roughness of the crystals. A high concentration of polythiophene-C 60 solution was drop-casted onto the substrate under N 2 atmosphere. The substrate with the droplet was placed on a Teflon sample holder filled with 1,2-DCB solvent and sealed by parafilm. Under the saturated 1,2-DCB vapor pressure, crystals formed with the slow evaporation of the solvent within 24 hours. Computational methods can be found in part 4 of the Supplementary Materials.
Conducting AFM Nanosurf EasyScan 2 FlexAFM was used to obtain the current and topography images on the surface of the cocrystals. The n-type Si probe coated with Pt on both sides had a resistivity of 0.01 to 0.025 ohm/cm. The radius of the probe was below 30 nm. The applied voltage was 5 to 10 V.
Optical microscopy
Confocal fluorescence spectral analysis was carried out with a Zeiss Meta 510 upright confocal microscope with a 488-nm Ar ion laser as the excitation source. The cocrystal samples were grown on a silica substrate.
Polarization measurement
Radiant Precision Premier LC II was used to measure the polarization hysteresis loops and the PUND at room temperature in air.
Piezoresponse force microscopy PFM was measured with an AFM (Bruker MultiMode 8). The images were scanned by a Co/Cr-coated conductive tip (Bruker MESP-RC). The films were spin-coated on a glass substrate.
Electron spin resonance measurements Electron spin resonance (ESR) signal and spin susceptibility was obtained by a Bruker EMX (type ER073) plus ESR spectrometer. The cocrystal samples for the ESR measurements were grown on a silica substrate.
M-H loop measurement
The M-H loops of all cocrystals and powder samples were measured with a MicroSense EV7 vibrating sample magnetometer at room temperature.
Dielectric constant measurement
A broadband dielectric/impedance spectrometer was used to measure the capacitance in 0 to 100 kHz at 0°to 100°C. The bias was 100 mV.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/ content/full/1/11/e1501264/DC1 Mass transport-induced crystallization of CTCCs Fig. S1 . Photograph of the crystals. 
